Abstract Daily rainfall and evaporation data of 30 years are analysed for prediction of hydrological events, such as occurrence of effective monsoon (EM) and withdrawal of monsoon (WM), for planning rainfed rice in Eastern India. Those hydrological events are treated with normal (ND), lognormal (LND), Pearson type 111 (PTD), and log-Pearson type 111 (LPTD) distributions. The historical data of hydrological events are also transformed by power and modified SMEMAX transformations and ND is fitted. Normal distribution fitted to power transformed data is found to be the best for both the events. Accordingly, these events are predicted at various probabilities of exceedence (PE). At 50% PE level, the monsoon is effective in the region for 110 days. The study reveals that short-duration rice will face less drought stress than long-duration rice during the critical growth stage and will produce higher yield under rainfed conditions. At 50 and 70% PE levels, the simulated yield of shortduration rainfed rice is observed to be 2265 and 1890 kg ha" 1 , respectively, that is 6.7 and 7.6%o more, respectively, than the yield of long-duration rainfed rice.
INTRODUCTION
Rice is the most important crop of eastern India that is generally grown under rainfed conditions. The region has about 67% of the total area of rainfed rice in India; yet its
Open for discussion until 1 December 2002 contribution to the country's rice production is only about 50% (Ghildyal, 1989) . It continues to lag behind other regions of India in terms of rainfed rice productivity, which is currently 1586 kg ha"' compared to the country's average productivity of 1921 kg ha" 1 . Many constraints are associated with the poor economical growth of the region. Fragmented land holdings, lack of assured water supply, and poverty of farmers hindering their use of intensive agricultural inputs are the major constraints hindering the adoption of modern technology, and hence resulting in an instability in crop production. There is limited scope for further development of surface storage facilities for irrigation water, due to environmental problems of land submergence, waterlogging and salinization of canal commands, and higher investment in the area of infrastructural development. Furthermore, tubewell irrigation is not feasible in all locations due to hydrogeological and installation cost factors. Therefore, rice growers of the region depend mainly on rainfall.
About 70% of the total cultivated area of Eastern India is rainfed. The region receives annual rainfall varying from 1194 to 2290 mm, of which about 80% is received in four rainy months between June and September. During this period, about 50% of the annual rainfall comes from a few intense storms. Water received from such intense storms is subject to high runoff losses coupled with the erratic nature of the onset, distribution and withdrawal of monsoon, which increases the probability of water stress at various growth stages of the rice crop (Bhuiyan & Goonasekera, 1988) . Substantial yield losses due to drought in most upland rainfed rice environments and due to excess water in low lands have been reported from astern India (Widawsky & O'Toole, 1990) . The productivity of the rainfed rice ecosystem is observed to be significantly lower than that of irrigated rice.
In view of the above conditions, there is tremendous scope for rainwater management and its optimum utilization in Eastern India. In order to improve crop productivity and achieve sustainability of rainfed agriculture, it is essential to plan agriculture on a scientific basis, making the best use of the rainfall pattern. This necessitates studying the hydrological events of the occurrence of effective monsoon (EM) and withdrawal of monsoon (WM) and preparing the contingent crop plan accordingly.
The occurrence of EM is the vital rainfall characteristic influencing rainfed farming. Agricultural operation in India starts with the onset of the southwest monsoon. It is essential to predict the occurrence of EM accurately, since a slight delay in the sowing of rainfed crops may lead to drastic reduction in grain yield and may adversely affect the next crop too. While determining the criteria of occurrence of EM, the type of soil and the crop variety to be grown in the field should be considered. Effective monsoon should provide optimum moisture in the effective seeding zone for tillage and for satisfactory seed germination after accounting for evaporation and runoff losses. Normally 75% of available soil moisture (ASM) in the seeding zone may be considered as the lower limit for good germination and initial plant growth of monsoon crops.
Considering the above factors, Verma & Sarma (1990) proposed the following four criteria for determining the occurrence of EM: (a) The first day's rain in a 7-day period should not be less than e mm, where e is the average daily seasonal pan evaporation; (b) The total rain during the 7-day period should not be less than the effective onset rainfall (EOR); (c) At least three out of seven days should be rainy days having a minimum of 2.5 mm rain each day; and (d) If criteria (a)-(c) are satisfied in one week of any month, but are followed by a prolonged dry spell, then it should be considered as a pre-monsoon spell and not the occurrence of EM. The effective onset rainfall, EOR (in mm), is computed as:
where FC and WP (%) are moisture content on a volume basis at field capacity and at permanent wilting point, respectively, D is the effective seeding zone depth or the ploughing depth whichever is greater (cm), e is the average daily seasonal pan evaporation (mm), and RO is runoff (mm). Chore (1998) and Gupta (1999) proposed the following criteria for defining WM: (a) the last two days in seven days of the last wet spell of the season should have at least 2.5 mm rain, (b) the rain in a 7-day spell should be more than (2e +10) mm, and (c) one of the rainy days of the last wet spell should have more than e mm of rain.
Rainfall is the only source of water in rainfed agriculture and rainfall deficiencies in the crop growing season cause a drought spell. Reduction of crop yield depends on the severity of the drought spell and the different crop growth stages during which it occurs. Various authors have analysed rainfall to define drought spells in different ways and have classified them into several categories depending on their severity (Banerji & Chhabra, 1963; Sharmae?a/., 1979; Ashokraj, 1979) .
The hydrological events are stochastic and so must be predicted at a certain probability of exceedence (PE) level by appropriate distribution functions. Most hydrological data are highly skewed and normal distribution (ND) often provides inadequate fit to a set of observations. Hence, there is a need to obtain a best fitting distribution function for the random sample. On the other hand, historical data may be transformed and the ND can be fitted. Bethlahmy (1977) suggested SMEMAX (Small, MEdian and MAXimum) transformation, which was used for dry spell analysis by Aldabagh et al. (1982) . Rasheed et al. (1982) proposed modified SMEMAX transformation, which was used by Thakur (1997) for consecutive day rainfall analysis for drainage planning. Chander et al. (1978) and Aldabagh et al. (1982) used Box-Cox power transformation for normalizing the hydrological data series and reported that it transformed the data to a near normal series better than SMEMAX.
An attempt was made in the present study in Eastern India to apply ND, lognormal (LND), Pearson type III (PTD) and log-Pearson type III (LPTD) distributions and power and modified SMEMAX transformations to predict hydrological events such as the occurrence of EM and WM by the best fitting distribution at different PE levels. The findings of the study should be helpful in deciding on the sowing time of rainfed rice, in crop planning and in proposing measures for a supplementary irrigation from harvested rainwater. Another objective of the study is to suggest either short-or longduration rice that will effectively utilize the monsoon rain of the region and give higher yields under rainfed conditions.
MATERIALS AND METHODS
The present study was carried out in Eastern India, comprising states of Orissa, West Bengal, Bihar, Assam, eastern Uttar Pradesh, and eastern Madhya Pradesh. The climate is humid sub-tropical and the mean annual rainfall is 1638 mm, of which about 80% is received in the four rainy (monsoon) months of June to September. All the states of the Eastern India region are hydrometeorologically similar, in terms of rainfall and evaporative demand of the atmosphere (Sharma et al., 1979) . Therefore, instead of analysing the data of rainfall and evaporation for different locations in the region, the data from a representative centre were selected for predicting the hydrological events: daily rainfall and pan evaporation data of 30 years were collected from the meteorological observatory of the Indian Institute of Technology, Kharagpur, West Bengal (India).
The occurrence of EM was determined by adopting the four criteria proposed by Verma & Sarma (1990) . Average values of FC and WP for the dominant sandy loam soil group of the region were found to be 25 and 11% on a volumetric basis, respectively. Rice is the major crop grown in the rainy season in Eastern India, covering about 90% of the total cultivated area. The effective seeding zone depth of rice to be wetted for good germination is assumed to be 15 cm. The maximum possible ploughing depth by bullock power is found to be 20 cm; therefore, for the computation of EOR by equation (1), the value of D was taken as 20 cm. Runoff was considered as 10% of the onset-week rainfall for the sandy loam soil of the study area (Verma & Sarma, 1990) . Table 1 Estimates of occurrence of effective monsoon (EM) and withdrawal of monsoon (WM). 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 The occurrence of WM was identified by the methodology as suggested by Chore (1998) and Gupta (1999) .
Year
The historical data of occurrence of EM and WM for the 30-year study period were computed and are shown in Table 1 . The data of all the above mentioned events were converted to the equivalent calendar days (ECD) taking 1 January as 1, 2 January as 2, ..., and 31 December as 365 (for a leap year, 31 December is 366). In order to test the normalization effect of data series containing ECD of occurrence of EM and WM, the coefficient of skewness (C s ) was computed for the untransformed as well as the transformed data series. Then these historical data were treated with probability distributions such as ND, LND, PTD and LPTD, and also with ND, after being transformed by modified SMEMAX and power. Using the standard software SMADA, the probable values of ECD for the events were determined at various PE levels using the same distributions.
Power transformation
Power transformation by the Box-Cox model follows that:
where / is the variety of the given series, 7, is the transformed variety, and X is a constant of transformation, which generally ranges from -1 to 1. An iterative solution was carried out to estimate the value of X so that the series was almost transformed to a normal series with value of C s approaching zero.
Modified SMEMAX transformation
According to this method, the transformed variate, 7,-, is given as:
where X\, X", and X s are highest, median, and lowest data in the untransformed series, X; is the variate of the series (untransformed), Y m is a constant assumed as 50, 7; is the transformed value of the variate of the series, Xf, and i is the number of data in the range 1, 2, 3, ..., N. This transformed 7; series was assumed to be normally distributed. Hence, it was possible to estimate the variable Y for any specified PE level by the procedure suggested by Kottegoda (1980) . The original X variable at any PE level can be determined corresponding to the F value by:
The estimates of ECD of occurrence of effective monsoon (EM) by ND, PTD, power and modified SMEMAX transformations are shown in Fig. 1 and those by LND and LPTD are shown in Fig. 2 . Similarly, the estimates of ECD of occurrence of the abscissa ranging from 2 to 95%. The ordinate is on a linear scale for Figs 1 and 3 (drawn on normal probability paper) and on a logarithmic scale (logio) for Figs 2 and 4 (drawn on lognormal probability paper).
Rice is to be grown under rainfed conditions so that it effectively utilizes the entire monsoon rain of the region. In this study, two types of rice were considered: shortduration rice that can be harvested before the monsoon withdraws, and long-duration rice that is harvested after the withdrawal of monsoon. In order to compare the yield potential of both types of rice, a water balance model of rainfed rice was run without consideration of supplemental irrigation (SI). The root zone soil moisture status (RZSMS), which affects the growth and, ultimately, the yield of rice was computed by running the water balance model considering the effective root zone (45 cm) as a single layer. The water balance model of rainfed rice, neglecting the contribution due to the capillary rise of groundwater (the groundwater table in the region lies more than 1.5 m below the effective root zone depth of rice) is given as:
where SMC is the soil moisture content (mm), P is rainfall (mm), SP is seepage and percolation loss (mm), AET is actual évapotranspiration (mm), and /' is the time index, taken as 1 day in the study. Computation of the parameters AET and SP in the above water balance model was done according to the methodologies suggested by Panigrahi & Panda (2001) . The values of crop coefficient of rice during the crop establishment (CE), crop development (CD), mid season critical growth stage (CGS) and late season stage (LS) were assumed as 1.05, 1.10, 1.10 and 0.95, respectively (Doorenbos & Pruitt, 1977 short-duration rice of 100 days, the duration of each different growth stage, for CE, CD, CGS and LS, is 25, 20, 30 and 25 days, respectively, whereas, for long-duration rice of 130 days, the stages are 30, 30, 40 and 30 days, respectively (Fig. 5) . Of the four growth stages of rice, the most important is the CGS, which includes booting, panicle initiation, flowering and milking, and which occurs between 49 and 78 days after sowing (DAS) for short-duration rice of 100 days and 64-103 DAS for longduration rice of 130 days (Mandai, 1990) . The simulation was run for 30 years from the onset day of EM until the harvest of each year using the available meteorological, soil and crop data of the study site. The total duration of simulation for short-and long-duration rice was 104 and 134 days, respectively, considering the four days required for germination after sowing on the day of occurrence of EM. During the first four days of the germination phase, the soil is under bare conditions. Bare soil evaporation was computed as proposed by Jensen et al. (1993) and was used in place of AET in the water balance model.
The soil moisture stress during the CGS of rice affects the yield more than that occurring in the other stages. It was reported by Doorenbos & Kassam (1979) and Allen et al. (1998) that the yield of rice declines when the RZSMS is depleted by 20% of saturation moisture content during the CGS, referred to herein as the threshold value of RZSMS from the yield reduction point of view. In the present study, a day is defined as a drought day if the RZSMS of rice is below the threshold value and the discussion is limited to the CGS. If the drought stress occurs for more than a day, then it is designated as drought spell. The percentage of probabilities of the different days to have drought during the CGS were estimated by the Markov probability model (Kottegoda, 1980) for both short-and long-duration rice (Fig. 6) .
The yield of rice under a rainfed farming system was also simulated for both shortand long-duration rice varieties using the multiple regression based model ( (9) where Y r is in 10 kg ha" 1 , AET is actual évapotranspiration of rice (cm). The above model was validated using two years of field data (1999) (2000) . The simulated and observed yields of rice were found to be statistically significant with high values of coefficient of determination for both the years (R~ > 0.90). The water balance model was run to determine AET on a daily basis for both varieties of rice. From the daily values, AET during the different growth stages was computed. Finally, using the multilinear regression model (equation (9)), the yield of rice for both the varieties was simulated for 30 years. The value of F, varies from year to year depending on the rainfall and other meteorological data. So, to predict Y r at different PE levels, the data series containing the yields of both short-and long-duration rice were treated with power transformation and using the standard software SMADA (Fig. 7) .
In order to verify the adequacy of the residual RZSMS for the germination of seeds at the sowing time of another short-duration dry land crop in the winter season, the water balance model (equation (8)) was extended from the harvest day of the rice until the sowing of the next dry-land crop, which generally requires 15 days after the rice harvest for land preparation. In the water balance model, AET was replaced by bare soil evaporation during the 15-day period (Sanchez-Cohen et al., 1997) . If the residual RZSMS in the seeding zone (top 15 cm) is less than 75% ASM, then the dry land crops cannot germinate and hence the crop cannot be grown (Verma & Sarma, 1990) . A value of 75% ASM in the seeding zone was identified as the optimum soil moisture content for seed germination. The soil moisture content at the sowing time of the second dry land crop in the winter season within 45 cm depth was computed by the water balance model and, its uniform distribution over the entire 45 cm depth was assumed. Then, the soil moisture values for the top 15 cm layer, after cultivation of both short-and long-duration rice in the preceding rainy season were determined for the 30 years of simulation. Finally, the soil moisture storage values of the top 15 cm 2  5  10  20  30  40 50 60  70  80  90  95 Probability of exceedence, PE (%) Fig. 7 Variation of rice yield at different probabilities of exceedence. 1970 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 Years Fig. 8 Validation of available soil moisture content in seeding zone in different years.
soil depth were converted to volumetric values (%) by dividing the soil moisture storage by the depth of the soil layer. A programme was written in C language to compute the soil moisture content at the sowing time of the dry-land crop to identify the possibilities of crop germination. Figure 8 represents the variation of soil moisture content in the seeding zone of the dry-land crop.
RESULTS AND DISCUSSION

Onset of effective monsoon (EM)
The study reveals that occurrence of EM in Eastern India is highly fluctuating, ranging from 21 May to 25 July (Table 1) . It was observed that the EM data series is skewed to the right with a C s value of 1.061. This reveals that ND would not fit well to the series. The C s value of the power transformation series was found to be very low (-0.00012) and so it is presumed that ND can fit well to this transformed series. Next to power, modified SMEMAX transformation was found to be the best with a C s value of 0.01. The estimates of the ECD of occurrence of EM by different distributions and transformations at various PE levels are shown in Figs 1 and 2. At lower PE levels up to 15%, the values of EM predicted by various distributions are seen to differ greatly from the observed values. However, at higher PE levels, the curves are closer to the observed series. Occurrence of EM at any PE level predicted by power transformation was found to be closest to the observed values, followed by modified SMEMAX transformation ( Fig. 1) . At 50% PE level, the ECD of the occurrence of EM by power and modified SMEMAX transformation were found to be 167 and 166, corresponding to 16 and 15 June, respectively (Fig. 1) .
The model for predicting the occurrence of EM was tentatively evaluated by comparing the predicted date of EM with available observations from the field on the average sowing dates in 1998. The observed dates of sowing were found to range from 12 to 24 June, with the average date of sowing being 17 June, which succeeds the predicted date of EM (16 June, predicted by power transformation at 50% PE) by one day only. Thus the comparison is in favour of accepting the model as far as occurrence of EM is concerned.
Withdrawal of monsoon (WM)
Dates of WM in the study area were found to range from 13 September to 23 October ( Table 1 ). The data series of the ECD of WM is skewed to the left with a C s value of -0.087. With power transformation, the value of C s was found to be -0.0003, indicating that the series is normally distributed. Modified SMEMAX transformation is the next best transformation for studying the normalizing effect of WM data series with a C s value of-0.03 5. Figures 3 and 4 present the estimates of the ECD of WM by different distributions and transformations at various levels of PE. The closeness of the values of WM with observed values at different PE levels signifies that power transformation is the best followed by modified SMEMAX for the prediction of occurrence of WM. At 50% PE, both power and modified SMEMAX transformation give the date of WM as 3 October (ECD = 276, Fig. 3 ).
Crop planning in rainfed ricelands
At 50% PE, it was observed by the best fitting distribution that monsoon starts on 16 June and withdraws on 3 October; thus remaining for 110 days in the region. Hence, to utilize the monsoon rain effectively, short-duration rice of about 100 days may be grown in the rainy season in the study region. On the other hand, long-duration rice may face moisture stress during the last part of the CGS and, consequently, the chance of getting a good yield is diminished. Study of the water balance model revealed that there is at least 50% probability that short-duration rice will suffer drought or water stress during the last seven days of the CGS (72-78 DAS). Thus, there is a likelihood of a reduction in the yield of rice grown under rainfed conditions without any supplementary irrigation provision. For long-duration rice, the probability of occurrence of drought during CGS is more than 50% between 72 and 103 DAS. The risk of drought in long-duration rice is more than 70% during the last nine days (95-103 DAS) of the CGS (Fig. 6) . Thus, the study reveals that the likelihood of a reduced yield for long-duration rice is greater than that for short-duration rice under the rainfed system.
The study shows that the simulated yield of short-duration rice is greater than that of long-duration rice for all the years. The smaller yields of long-duration rice may be due to the longer-duration drought spells occurring during the CGS, which adversely affect growth and, consequently, the yield. The soil remains under moisture stress for more days during the last part of the CGS, which is the "milking" stage when the rice grains swell.
The simulated yields of short-and long-duration rice ranged from 1060 to 3650 and from 1015 to 3610 kg ha', respectively. The C s value of the data series containing yields of both short-and long-duration rice are skewed to the right with values of 0.052 and 0.068, respectively. However, with power transformation, the series were found to be normalised with zero values of C s . Figure 7 indicates that the yield of short-duration rice is greater than that of long-duration rice at any PE level. At 50 and 70% PE levels, the yields of short-duration rice were 2265 and 1890 kg ha" 1 , respectively, whereas those for the long-duration rice at the corresponding PE levels were 2123 and 1756 kg ha" 1 , respectively (i.e. the yields of short-duration rice at 50 and 70% PE levels, were 6.7 and 7.6% higher, respectively, than those of long-duration rice at corresponding PE levels), leading one to conclude that short-duration rice produces greater yields under rainfed conditions than long-duration rice.
The study further reveals that, in 15 out of 30 years, it was not possible to grow a dry-land crop in the winter after the harvest of short-duration rice. In the case of longduration rice, the next dry land crop could not be grown after the harvest of rice in 27 out of 30 years (Fig. 8) . Thus, to allow two crops to be grown in most years under the rainfed farming system in the study region, short-duration rice should be grown in the rainy season. A survey of cropping patterns followed by farmers in the study region in 1998 shows that about 45% of those who grew short-duration rice (of about 100 days) in the rainy season could grow another dry-land crop such as mustard (oil seed) in the winter after the rice harvest. However, 55% of farmers in the region who grew long-duration rice (of about 130 days) could not grow a second crop in the following winter. Moreover, the survey found that the average yield of long-duration rice in 1998 was 1913 kg ha" 1 under rainfed conditions, whereas that of short-duration rice was 2009 kg ha" 1 (i.e. 5.02% more).
CONCLUSIONS
At 50%) PE, it was observed by the best fitting distribution that monsoon starts on 16 June and withdraws on 3 October; thus remaining for 110 days in the region. A longduration rice grown in the rainfed system has a greater chance of suffering from moisture stress during the CGS stage as, by this time, the monsoon is either weak or is about to terminate in the region. This will result in severe yield reduction of rainfed rice in the absence of supplementary irrigation. On the other hand, short-duration rice of 100-110 days duration can effectively utilize the entire monsoon rain. This will minimize the chance of moisture stress during the CGS and thus improve the yield. Moreover, in 50% of the years, the residual soil moisture after the early harvest of short-duration rice allows another short-duration dry-land crop such as mustard (oil seed) to be grown in the winter without requiring much irrigation. The study shows that the residual soil moisture after the harvest of long-duration rice reduces the possibility of raising a second crop in the winter to only 10% of the years.
